The extreme rainfall on 21 July 2012 is the heaviest rainfall that has occurred in Beijing since 1961. Observations and WRF (Weather Research and Forecasting) model are used to study the effect of MCS (mesoscale convective system) and topography on the rainfall. In this high-impact event, a quasi-stationary MCS developed in a favorable moist environment. The numerical simulation successfully reproduced the amount, location, and time evolution of the rainfall despite 4-6 h delay. In particular, the model reproduced the repeat passage of convective cells at the leading convergence line region along Taihang Mountains and the trailing stratiform region, producing the rainfall at nearly the right position. Results indicate the important roles of mesolow and low-level jet in maintaining the conditional instability that lifted the moist air to trigger deep convection and the repeated initiation and movement of the line shaped convective cells that produced the rainfall. The sensitive experiment was then further carried out to examine the effect of topography on this heavy rainfall. The reduction in model elevation field significantly influenced the above mesoscale systems, which lead to convective cells becoming less organized, and the peak rainfall amount in Beijing decreased by roughly 50%.
Introduction
Extreme rainfall is responsible for a variety of societal impacts, including flash flooding that can lead to damage, injury, and death [1] . Thus, it is of great interest to accurately predict extreme rainfall. However, heavy rainfall associates with multiscale nonlinear interactions [2] . Although the ability of NWP (numerical weather prediction) has been improved rapidly, the accurate prediction of warm-season precipitation remains a tough task [3, 4] . A large portion of the extreme rainfall events are produced by MCS, and the amount of rainfall is often associated with characteristics of MCSs (Schumacher and Johnson [5] ).
The heaviest rainfall occurs where the rainfall rate is the highest for the longest time [6] . Houze et al. [7] found that flash flooding is more likely produced by linear MCSs than nonlinear ones in Oklahoma. If multiple convective cells repeatedly pass over the same area in rapid succession, extreme rainfall totals can occur [6] . This MCS organization that was commonly responsible for extreme rainfall was termed "back-building/quasi-stationary convection" (BB) by Schumacher and Johnson [5] . Parker and Johnson [8, 9] identified and described the governing dynamics of three modes of linear MCSs that are common in the central plains-those with trailing stratiform (TS) precipitation, those with leading stratiform (LS), and those with parallel stratiform.
Topography plays an important role in the development of deep convection and precipitation enhancement [10] [11] [12] . Lin et al. [13] have identified four common factors contributing to the occurrence of heavy orographic rainfalls: (1) a conditionally or potentially unstable airstream impinging on the mountains, (2) a very moist low-level jet, (3) a steep mountain, and (4) a quasi-stationary synoptic system to decelerate the convective system over the threatened area [14] . In cases where convective initiation is related to local topography (e.g., forced orographic lifting), a steady low-level wind may also ensure that new cells repeatedly form in the same location [6, 15] .
Beijing has a complex terrain between plain and mountain. The impact of Yanshan and Taihang Mountain surrounding Beijing is an interesting research topic. The average annual rainfall in Beijing is about 420∼660 mm, which is one 2 Advances in Meteorology of the greatest rainfall amount region in Northern China's flat areas [16] . Beijing is a region suffering from high frequency of heavy rainfall. During 1951-2012, it was struck by 22 rainfall events (>100 mm), with two of them greater than 200 mm and with the highest peak up to 318.1 mm [17] . The formation reason of part of them was due to the important roles of topography played in the exception rainfall.
The extreme rainfall on 21 July 2012 is the heaviest rainfall in Beijing since 1961. It brought severe disasters over the region and caused 75 people to perish and $2 billion economic losses. Zhang et al. [18] found that this extreme rainfall event appeared to be reasonably well predicted by current operational models, albeit with much smaller intensity, notable timing, and location errors. However, the modelpredicted rainfall results mainly from topographical lifting and the passage of a cold front, whereas the observed rainfall was mostly generated by convective cells. In particular, their results also indicated that high resolution convection permitting models was required in order to predict the timing, distribution, and intensity of such an extreme event more accurately.
In this study, observations are used to study the multiscale processes that produced the heavy rainfall. A convection resolving simulation is conducted to survey the skill of the WRF model in reproducing the record rainfall event in the north of China. Particularly, the numerical simulation results are then used to investigate the mesoscale and stormscale processes in triggering deep convection. Furthermore, experiments are carried out to investigate how long-lived, quasi-stationary, linearly organized convection is maintained associated complex terrain surrounding Beijing. Section 2 describes the precipitation distribution and observational analysis. Section 3 shows the configuration and experiment design of model. Section 4 verifies the simulated mesoscale processes. The results of simulations and the detailed effects of topography on formation of the extreme rainfall were presented in Section 5. Section 6 gives conclusions.
Overview
The extreme rainfall, which occurred during 21 July 2012 with a record amount of 460 mm (at south of Beijing), is the heaviest rainfall event ever hitting Beijing since 1961. The observed 24 h rainfall is shown in Figure 1 . The heavy rainfall areas are mainly located in Beijing and its surrounding areas. It is estimated that the average rainfall amount received in Beijing region was over 170 mm during this storm event. Two apparent rainfall centers are located at south and northeast of Beijing, respectively. Figure 2 shows the 850, 500, and 200 hPa large-scale environments from the NCEP FNL reanalysis data at 06 UTC 21 July 2012, 6 h before the rainfall reached its peak intensity. Large-scale circulation showed a southwesterly monsoonal flow with high moisture over the east of China (Figures  2(a) and 2(b) ). Typhoon Vicente located at South China Sea can receive moisture from southwesterly monsoonal flow and then transport part of the moisture to Beijing region along southeast flow east of subtropical high (SH) (Figure 2(a) ) [19] .
"Such an effect of a TC (tropical cyclone) on precipitation is generally referred to as the remote effect of a TC on precipitation" [20] . Furthermore, the upper-level trough blocked by SH also significantly influenced the rainfall event. Although the above large-scale synoptic systems could provide favorable conditions for rainfall, it was still not enough to lead to such an extreme rainfall in Beijing, 2012 [21] . Thus, factors like MCS and local topography may also play important roles in this event. High resolution remotely sensing observations and model are used to further investigate the other factors causing the extreme rainfall event.
Model Description and Experiment Design
The WRF model of version 3.4.1 [22] is utilized here at convection-permitting resolutions to simulate the extreme rainfall event. The model is integrated for 48 h, starting from 0000 UTC 20 July 2012. Figure 3 shows the domain for two experiments. The model horizontal spacing is 30 km, 10 km, and 3.3 km for d01, d02, and d03. The sizes of model grids are 375 × 246, 238 × 160 and 394 × 286, respectively. All domains were 28 levels extended to 100 hPa.
The initialized condition and lateral boundary conditions of all experiments were from NCEP Global Data Assimilation System (GDAS) Final Operational Global Analyses (1 ∘ × 1 ∘ ). The model physical options include the WSM5 microphysics scheme [23] , the YSU planetary boundary layer scheme [24] , the Kain-Fritsch cumulus parameterization scheme [25, 26] , the Noah land surface model [27, 28] , the Rapid Radiative Transfer Model [29] longwave, and the Dudhia shortwave radiation scheme [30] . The cumulus parameterization scheme is not applied to the finest (3.3-km) grid domain to explicitly resolve the convective rainfall.
In addition to the experiment (CTRL) with real topography ( Figure 4 (a)), a sensitivity experiment (TOP0.25) is conducted to investigate the effects of mesoscale topography on the extreme rainfall. The TOP0.25 is the same as CTRL, only with the terrain in D03 which was reduced by 75% ( Figure 4(b) ).
Model Verification
The 24 h rainfall from 0000 UTC 21 to 0000 UTC 22 July 2012 of the CTRL experiment is shown in Figure 1 (b). Compared with results from observations ( Figure 1(a) ), the finest resolution simulation in CTRL experiment captures many of the features of the observed system. It reasonably reproduces a region of significant rainfall with two maximum centers over Beijing, distribution of which is in good agreement with the observation. The model maximum rainfall amount is about 330 mm, which is about 100 mm less than that observed. However, considering the large amount of rain that fell in this event and the challenges of predicting ground-accumulated rainfall when using microphysical parameterizations, this can probably be considered a reasonable result [1] . The temporal evolutions of rainfall amount at Fangshan station of both CTRL and observation are shown in two major peaks (20 mm/h and 58.5 mm/h) with nearly the same intensity (21 mm/h and 63 mm/h) as that of the observations, despite a 4-6 h delay. The delay which was also suggested by Hong and Lee [31] could be attributed to typical problems with the model spinup of gridbox saturation from the large-scale initial conditions [2] . Despite the timing delay, the model's ability of reproducing heavy rainfall event is encouraging, with reasonable evolution of rainfall and the heaviest precipitation in south of Beijing just as where it actually occurred.
Comparison of the observed radar reflectivity from Beijing station to the model simulated one is showed in Figure 6 . Around 0600 UTC 21 July, radar observations reveal two deep convections from south of stratiform rain region ( Figure 6(a) ). These convections move to northeastward and grow into a quasi-linear MCS over 5-6 hours, with the system moving slowly eastward. The linear MCS shows a region of high reflectivity that is approximately 200 km in length and 30 km in width with an area of stratiform rainfall to the northeast by 1200 UTC (Figure 6(c) ). The corresponding model simulated radar reflectivity is shown in Figures 6(b) and 6(d). The two convective regions of the MCS are well reproduced in the CTRL experiment ( Figure 6(b) ), despite timing error and underprediction of the stratiform rain. Similar to observations, the MCS develops into a quasi-linear MCS about 6 h later ( Figure 6(d) ).
Current operational models predict the extreme rainfall with wrong reasons, which results mainly from topographical lifting and the passage of a cold front, whereas the observed rainfall is mostly generated by convective cells [18] . However, the CTRL experiment with 3 km resolution successfully produces a quasi-linear MCS, which shows many features of the observations. The simulation also reasonably reproduces a region of torrential rainfall amount over Beijing with the location and the distribution in good agreement with the observations. Thus, it can be concluded that the results
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Contour from 220 to 320 by 2 of CTRL experiment can reasonably represent the extreme rainfall, which can be further utilized to analyze the roles of topography played in the event. A comparative investigation of the differences between CTRL and TOP0.25 is reasonable. Figure 7 shows the mean sea level pressure and pw of experiments at 18 UTC 21 July 2012. A quasi-steady low pressure locates at east of Taihang Mountain in CTRL experiment (Figure 7(a) ). The sustained uplifting exists over mountain slope with adiabatic cooling and an associated positivepressure perturbation. This produces a pressure gradient force directed upstream of the mountain barrier [32] .
Topography Effect and Echo-Training
In the present case, it indicates that the Taihang Mountain exerted an influence on the movement of the low pressure. Lifting along convergence line is responsible for the repeated initiation of convection [6, 33] . Topography affected the incoming LLJ (low-level jet) from east, causing a quasisteady moisture transport and convergence line along the Taihang Mountain. This convergence line is extended along the mountain to Beijing region. At particular times and points, lifting along the convergence line is sufficient for parcels to reach their LFC, initiating deep convection [6] . A further examination of the divergence and radar reflectivity from CTRL experiment shows the convective cells clearly initiated and moved along the convergence line (Figures 10(a)  and 10(c) cells moved slowly to Beijing and caused this extreme rainfall. These features are similar to the "back-building/quasistationary" (BB) discussed by Schumacher and Johnson [1] , Schumacher and Johnson [5] .
To investigate the effect of topography, we compare the reduced topography in TOP0.25 experiment with actual topography in CTRL. With reduced topography in TOP0.25, the surface low (Figure 7(b) ) moved across the mountain area. It finally located at southwest of Hebei province. As shown in Figure 8(b) , the LLJ for TOP0.25 moved further west compared to CTRL. The topography plays an important role in the activity of the quasi-steady mesolow and LLJ.
As in Schumacher and Johnson [1] , the presence and location of mesolow near the region of upstream convective development raise the possibility that convergence associated with the mesolow assisted in maintaining the heavy-rainproducing MCS. Such a mechanism is important for quasistationary convection [34, 35] . MCSs which repeatedly pass over the same area are more possible to produce extreme rainfall than nonlinear ones [7] . Convective activity may also be significantly influenced by topography. The linear shaped MCSs in CTRL experiment (Figures 9(a) , 9(c) and 9(e)) with more convective cells move much slowly than that scatter shaped ones in TOP0.25 experiment (Figures 9(b) , 9(d) and 9(f)), and is contributive more to heavy rainfall. The 24 h accumulated rainfall of TOP0.25 experiment and time series of 1 h rainfall for the two simulations at Fangshan station are shown in Figure 11 (a). It can be seen clearly that the effect of topography is not only on the rainfall amount but also on its distribution. The maximum precipitation of TOP0.25 experiment shows a 30% decrease, and the location of the peak value moves to the west of Beijing. If this kind of situation really had happened in this event, it might have saved lots of people's lives and properties in this region.
In order to investigate the rainfall differences of the two experiments, time series of 1 h rainfall at Fangshan station of both TOP0. 25 and CTRL experiments are shown in Figure 11 . Due to the significant reduction of rainfall intensity in TOP0.25 experiment, the peak rainfall of it only reaches 31.03 mm in Fangshan area, which equates to only about 50% of the difference.
In total, these are where the differences between CTRL and TOP0.25 experiments-and the importance of the topography-become especially clear. Topography affected the incoming LLJ (low-level jet) from east, causing extra moisture and stationary mesolow east of the Taihang Mountain, which assisted in maintaining the convergence line. This convergence line was extended along the mountain to Beijing region. At particular times and points, lifting along the convergence line was sufficient for parcels to reach their LFC, initiating deep convection. As a result, the repeated initiation and movement of the line shape convective cells at the leading convergence line region along Taihang Mountain produced the long-time extreme rainfall event over Beijing. The effect of topography not only reduced rainfall significantly, but also altered its distribution.
Summary and Conclusions
The extreme rainfall occurring during 21 July 2012 is the heaviest rainfall event ever hitting Beijing since 1961. The WRF model is utilized in this study to simulate the development of this recorded torrential rainfall. Control and sensitivity experiments are carried out with topography in initial conditions of sensitivity experiment artificially modified to investigate its effects on the extreme rainfall.
From the synoptic point of view, North China was dominated by a favorable large-scale environment on 21 July. It showed a southwesterly monsoonal flow with high moisture over the eastern plain region of China. Typhoon Vicente located at South China Sea altered moisture from southwesterly monsoonal flow to Beijing region along with the southeast flow east of SH. The upper-level trough blocked by SH also significantly influenced the rainfall event. In short, the large-scale synoptic environment provided very moist conditions for the rainfall and MCS.
The WRF model can reasonably reproduce the spatial and intensity patterns of the rainfall. In particular, the model simulated extreme rainfall amount is over 320 mm and shows two significant rainfall centers in Beijing, which is in good agreement with the observations. It is notable that the evolution of rainfall shows two major peaks and nearly the same intensity as the observations only albeit with a 4-6 h delay.
In our CTRL experiment, the activity of the MCS is well reproduced. Similar to observations, the simulated MCS develops into a quasi-linear MCS. LLJ is blocked which causes a quasi-steady moisture transport along the Taihang Mountains. Under the influence of topography, the quasisteady mesolow located at the south of Beijing. As a result, the convergence line extended from the mountain area to Beijing region. In such case, the convective cells repeatedly moved along the Taihang Mountains in rapid successions and further induced the extreme rainfall. Detailed analyses of the sensitivity experiment with 25% topography and that of CTRL experiment show that LLJ and the low surface move across the reduced topography to west of Beijing. The linear shaped MCS in CTRL experiment is replaced by a scatter shaped MCS in TOP0.25 experiment.
The effect of topography reduced rainfall amount and altered its distribution significantly. The maximum precipitation in TOP0.25 experiment shows a 30% decrease, and the peak location is positioned west of Beijing. All these features are consistent with the idea of Schumacher and Johnson [1, 5] , and the organization and motion characteristics of MCSs are crucial in determining whether they will produce relatively small rainfall amounts over a large area or extremely large rainfall amounts over a local area which can lead to a flash flood threat. In this heavy rainfall case, some environment conditions such as the topography near Beijing, the development of the surface mesolow, and the very moist Future work is aimed at studying several other extreme rainfalls produced by linear MCSs associated with topography to summarize their common characteristics. Furthermore, we hope to investigate the roles of topography played in organizing convection, which was developed in a favorable moist environment. The goal of this research is to improve the understanding and the ability to predict extreme-rainproducing MCS in the complex terrain area. (Grant no. 41130960). The authors would like to thank all the reviewers and editors for their professional advices to improve the paper.
